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Abstract 
An energy autonomous wireless sensor system consisting of an energy harvesting power source, an energy management unit and 
a low power wireless sensor node is tested for aircraft applications. The autonomous power source combines aircraft specific 
outside temperature changes with a thermoelectric generator (TEG) and a heat storage unit. The temperature difference generated 
with the latter component artificially at the TEG is used to power the sensor node. Additionally, a high efficient low input voltage 
power management circuit is necessary to store the generated energy and to convert it to higher voltage levels needed to operate 
the sensor. The experimental data are compared with results from numerical simulation models to predict the energy conversion 
in the heat storage - TEG system. A new TEG prototype is tested and it is expected that the energy output is improved up to 15%. 
The power management storage capacitors are adapted to the available energy, thereby increasing storage voltage and conversion 
efficiency. Doing so, the efficiency of the complete system can be increased by ~50%.  
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Energy autonomous wireless sensor nodes are essential for the realization of a cost efficient sensor network for 
surveillance tasks. When attached to an aircraft structure such a sensor grid could be used for health monitoring 
purposes, helping to reduce the maintenance costs. A wireless sensor node consists of two key components: the 
independent energy source and the wireless sensor unit. This study focuses on the energy source, as the aircraft 
envelop experiences huge and fast temperature changes during take-off and landing (see Fig. 1). Therefore, energy 
harvesting with a thermoelectric generator (TEG) is regarded as a promising approach. First tests of a complete 
autonomous sensor node were performed in a climate chamber simulating a 60 minutes short range flight [1]. The 
* Corresponding author. Tel.: +49-89-607-25512; fax: +49-89-607-24001. 
E-mail address: dominik.samson@eads.net.  
Procedia Engineering 5 (2010) 1160–1163
www.elsevier.com/locate/procedia
1877-7058 c© 2010 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2010.09.317
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
2 Author name / Procedia Engineering 00 (2010) 000–000 
energy harvesting power supply worked reliable and the generated energy is sufficient to power a sensor for 3 
flights. Energy directly generated by the TEG was approximately 6 mW·h with a total conversion efficiency of the 
power management of about 20%. Based on these results, several improvements are done on component level: the 
TEG is replaced by a custom-built device from Marlow industries, inc., with a higher figure-of-merit Z in the 
investigated temperature range and the storage capacity of the power management circuit is reduced to provide a 
higher storage voltage and hence, enhanced conversion efficiencies.  
Nomenclature 
ΔT  Temperature gradient at the TEG 
Z Figure-of-merit of the TEG 
Q Heat 
Q&   Heat flux 
λx Thermal conductivity of material x  
α Seebeck-coefficent of the TEG 
Ri Internal electrical resistance of the TEG 
Rload  Electrical resistance of external load 
l Thickness of the TEG  
A Area of the TEG  
Cp Specific heat capacity 
ρ Density of phase-change material 
Ic Electrical current 
2. Technical details 
In this study, thermoelectric conversion is applied for energy harvesting purposes in an aircraft making use of a 
fuselage temperature varying between -20.4°C (Tc) and 21.8°C (Th) [2]. A TEG, connected at one side to the inner 
fuselage whereas a heat storage unit filled with 10 g water as phase change material (PCM) is attached at the other 
side experiences an artificial temperature gradient and thus generates electrical power (see also Fig. 2). Water is an 
appropriate choice for heat storage purposes, as it offers a phase change between Th and Tf increasing the storable 
heat quantity significantly.  
A power management is necessary to convert the variable low voltage input from the TEG (<1.5 V) to a constant 
voltage level of 3.3 V. Electrical energy harvested above the actual need is stored in capacitors to buffer power 
peaks and unsupplied parking positions of the aircraft. With the initial power management prototype [3] an overall 
conversion efficiency of ≈19% is reached [1]. 
The low power wireless sensor unit, consisting of a Texas Instruments MSP430 series microcontroller and a 2.4 
GHz IEEE 802.15.4 RF transceiver (Texas Instruments CC2420) [4]) is equipped with a crack wire sensor and 
consumes ≈ 160 μW at 3.3 V. 
Fig. 1: Temperature profiles of the inner hull of an aircraft. The 
approximation is used as boundary condition for the simulations. 
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Fig. 2: Schematics of the thermoelectric energy harvesting 
approach according to [1]. The temperature difference at the TEG 
results from the fast changing aircraft fuselage temperature and the 
slowly varying temperature at the heat storage unit (=PCM).
3. Simulation model 
With a numerical simulation model the impact of different containments for the PCM can be easily evaluated in 
advance. Furthermore, TEG parameters can be changed to study the influence of generators with different Z on the 
total performance of the system. For the simulation model the software tool COMSOL with its heat transfer module 
and the heat equation 0=∇+
∂
∂⋅ Q
t
T
Cp
r
&ρ  is used, whereas the boundary conditions for the temperatures during the 
flight are taken from Fig. 1. The maximum power output generated at the TEG is given by 
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i
2
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electrical current causes the Peltier-related heat transport ITQ
hp
⋅⋅α=& and hence, influences ΔT. Therefore, it is 
necessary to include this correlation between ΔT and Ic in the simulations. This is done by implementing the varying 
thermal conductivity λTEG depending on Ic as follows: 
Joule.Pelt.condTEG
λ+λ+λ=λ , 
where λcond is assumed to be constant for small ΔT variations, 
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& −≈ ). Finally, the feedback of different electrical loads on 
the performance of the TEG is simulated. It is also possible to optimize λTEG in such a way that in a predefined time 
(=88 minutes, short flight) the completely stored heat Q is consumed by the TEG, defined as Th-Tc<1 K. Typically, 
the uncertainty associated with the simulated energy output compared to the experimental energy output is < 5%. 
4. Novel TEG design 
The value for the conversion η of heat flux into electrical energy depends on the TEG’s figure-of-merit Z
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(1). First tests were done with a commercial Eureca TEG1-9.1-9.9-0.8/200 [5] which 
offers according to the data sheet ZT (
2
TT
ZZT ch
+
= ) values for the generator of 0.67 and of about 0.56 in vacuum 
and in air, respectively. Taking average values for Th (=273 K) and ΔT (=10 K) η is 0.41%. Considering the stored 
heat of Q=5.04 kJ [1] the theoretical electrical energy output per flight is J3.41Q2W
el
=η⋅⋅= . Under real operation 
conditions, however, thermal leakage and additional thermal resistance from the heat change material (water: λw
≈0.5 W·m-1·K-1, ice: λi ≈2.3 W·m-1·K-1) occurs reducing ΔT at the TEG, so that in pre-evaluations only an energy 
output of 23.3 J was achieved. These TEGs are made of Bi2Te3 and this material has a maximum ZT of 0.8 at 90°C 
(see Fig. 3). To increase the conversion efficiency, a TEG from Marlow industries, inc based on a specially doped 
semiconductor alloy and especially designed for the temperature rage between -21.8°C and 20.4°C was applied. 
Furthermore, this device offers a voltage output of 3.3 V at ΔT=20°C with a resistive load for maximum power 
output (Rload≈Ri) and matches a specified λTEG. Enhanced ZT provides higher conversion efficiencies and a higher 
TEG output voltage increases the efficiency in the DC-DC converters of the power management. In the data sheet 
ZT of the Marlow TG1-2000 prototype is 0.78. Expecting, according to Eq. (1), the parameter η to be 0.53%, an 
improvement of the energy output of 29% is feasible. Under real conditions the increase will be lower as for 
0
lim
→ΔT
the differences in ZT become negligible. Table 1 summarizes the data gained so far. The simulation results for 
both the Eureca TEG and the Marlow TEG differ about 6.8% from the experimental power output. But the predicted 
energy increase in the simulation and the experiment differs just by 0.1%. The relatively large difference of 6.8% 
between the simulation and experiment is attributed to systematic imperfections of the model especially the use of 
non-optimized experimental boundary conditions in the simulation model compared to the real conditions. In a 
future redesign, a carefully revised version will be used to match the experimental data with better accuracy.  
TEG manufacturer Simulation [J] Experiment [J] Diff Sim./ Exp. 
Eureca 21.8 23.3 6.8% 
Improvement  
Sim. /Exp 
Marlow 24.8 26.5 6.8% 13.8% / 13.7% 
Table 1: Comparison between simulation and experiment and the improvements reached by the custom-built TEG. 
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5. Power management modifications 
As reported in Refs. [1] and [4], there were several ideas to improve the efficiency of the power management. A 
straight-forward improvement in the existing circuit is achieved by changing the super capacitors, which are used to 
store energy. The voltage level of the capacitors depends on the stored energy; therefore an additional step-up 
converter is used to provide a constant 3.3 V output. The efficiency of DC/DC converters depends on the input 
voltage [3] and selecting a capacitor which is completely charged after one flight cycle provides the highest input 
voltage and hence, the highest efficiency. Therefore, the original 5 F capacitor is replaced by a 2 F device, resulting 
in a higher storage voltage and improved conversion performance, as illustrated in Fig. 4. The conversion efficiency 
of the power management is defined by 
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 so that η increases from 19% [1] to 
total 26% (36% increase) although the capacity is yet not fully charged after the flight cycle and might be replaced 
by a 1.8 F capacitor.  
Fig. 3: ZT of different semiconductor alloys [6], the improvements 
in the Marlow alloy are clearly visible. 
Fig. 4: Input/output voltages and capacitor voltage at the analogue 
power management with a 2 F capacitor and Eureca TEG. 
6. Conclusions & outlook 
In this study, a novel approach for the realization of a wireless sensor node based on a thermoelectric harvester 
module is presented for aircraft specific applications. In principal, two major improvements are achieved: The new 
TEG improved the heat to electricity conversion by 13.7% whereas the adapted capacitors in the power management 
system gave an improvement in the power management of 36%. All together, this results in a theoretical increase in 
output power of about 56%. Additionally, with a new board with microprocessor controlled DC-DC converters it is 
expected that the total efficiency of the power management will exceed 30%. With the numerical simulation tool 
different containment designs can be analyzed most efficiently, thus in a next step the weight-to-power ratio of the 
containment will also be optimized. Finally, the whole system needs to prove its operational reliability under the 
harsh conditions of a test flight in the near future. 
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